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FOREWORD 


This  report  is  a  summary  of  investigations  completed  during  the  period 
of  April  1964  through  January  1965  under  contract  AF08(635)-4263.  In 
addition,  it  contains  information  resulting  from  a  terminal  series  of  esqier- 
iments  completed  after  the  publication  of  summary  report  ATL-TDR-64-9 
under  contract  No.  AF08(635)-3269.  These  contracts  were  administered 
by  Detachment-4,  Weapons  Division  (AT WR),  RTD,  Eglin  Air  Force  Base, 
Florida.  Detachment-4  project  engineer  for  these  contracts  was  Mr. 

Edward  C.  Poston,  Jr. 

These  research  programs  have  been  accomplished  by  the  Martin  Company, 
Orlando  Division,  Orlando,  Florida.  Martin  Company  task  leader  for  the 
overall  effort  was  Mr.  W.  R.  Porter.  Other  contributing  Martin  personnel 
included  Messrs  S.  J.  Nicolosi,  E.  R.  Caponi,  B.  van  Zyl,  W.  H.  Burch, 

D.  R.  Bragg,  J.  M.  Allred,  and  T.  D.  Kitchin.  This  document  was  pre¬ 
pared  by  Mr.  W.  R.  Porter  under  the  direction  of  Mr.  C.  A.  Borcher,  Man¬ 
ager,  Engineering  Mechanics  Research  Laboratory. 

Acknowledgement  is  made  to  Detachment-4  personnel  Messrs  D.  M. 

Davis,  E.  C.  Poston,  Jr.,  and  W.  Dittrich  for  v^uable  technical  consulta¬ 
tion  and  guidance,  as  well  as  Captain  W.  C.  Sodoma,  A.P.G.C.,  for  success¬ 
ful  coordination  of  rocket  sled  feasibility  demonstrations. 


This  technical  report  has  been  marked  in  accordance  with  the  DoD  Industrial 
Security  Manual  by  the  contractor. 
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(This  abstract  is  classified  confidential.) 

ABSTRACT 

This  document  reports  on  the  experimental  evolution  and  analytical  con¬ 
firmation  of  an  explosive  layered  warhead  design  capable  of  projecting  14 
layers  of  fragments  into  a  slowly  expanding  radial  pattern.  Major  accom¬ 
plishments  leading  to  the  evolved  design  were: 

^  The  feasibility  of  projecting  14  fragment  layers  was  demonstrated 
in  three  design  variations  -  spiral  cylinders,  concentric  ring  hyper¬ 
boloids,  and  spiral  hyperboloids. 

2  The  feasibility  of  controlling  fragment  beam  spray  angles  was  dem¬ 
onstrated  with  massive  end  confinement,  hsrperboloid  shaping,  ex¬ 
plosive  end  plates,  and  combinations  of  these. 

^  The  capability  of  a  14  fragment  layer  warhead  model  to  meet  per¬ 
formance  goals  under  dynamic  rocket  sled  test  conditions  was  dem¬ 
onstrated. 

The  warhead  design  that  progressed  to  rocket  sled  tests  at  Eglin  Air 
Force  Base  is  a  hyperbolic  configuration  (for  beam  spray  control),  10.75 
inches  in  length  and  9.75  inches  in  diameter,  weighing  110  pounds.  30,000 
one-quarter  inch  spherical  fragments  are  projected  radially  by  3  pounds 
of  sheet  explosive.  The  chsurge  to  mass  ratio  is  only  0.036,  excluding  two 
1/2  inch  thick  steel  end  plates  and  a  center  steel  mounting  fixture.  Sin^e 
point  initiation  is  effected  by  an  external  line  wave  generator  affixed  to  the 
spiral  wrapping  of  sheet  explosive. 

Fragment  velocity  distributions  from  static  firing  test  were  determined 
to  range  from  leas  than  100  feet  per  second  to  1000  feet  per  second  with 
90  percent  of  the  velocities  below  750  feet  per  second.  90  percent  of  the 
fragment  impacts  were  within  a  30  degree  beam  spray  angle.  Dynamic 
rocket  sled,  test  results  showed  uniform  radisd  distributions  with  an  average 
of  15  to  20  fragment  hits  per  square  foot  over  a  radial  distance  of  20  feet. 
Warheads  were  detonated  at  rocket  sled  velocities  of  approximately  1 300 
feet  per  second. 

In  general,  work  accomplished  during  this  program  is  discussed  in  this 
report  in  the  sequence  in  which  it  was  performed.  The  experimental  pro¬ 
gram  included  study  of  various  techniquDs  of  beam  spray  control,  initia- 
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tion,  and  scaling  effects  as  derived  from  static  arena  testing.  The  culmi¬ 
nating  point  of  the  experimental  program  was  the  dynamic  functional  fea¬ 
sibility  test.  Concurrent  with  the  experimental  program,  an  analytical  pro¬ 
gram,  or  iented  tow'ard  predicting  velocity  performance  of  multilayered 
warheads,  was  conducted;  the  analytical  program  confirmed  experimental 
results.  The  analytical  effort  employed  a  modified  "Quasi- Wundy"  com¬ 
puter  code.  This  modification  retained  all  the  advantages  of  the  NOL/White 
Oak  computer  program  but  permitted  consideration  of  the  effects  of  pres¬ 
sure  losses  resulting  from  gas  venting  at  the  ends  of  the  warhead.  Expe¬ 
rience  with  this  modification  indicates  that  it  can  be  extended  to  the  con¬ 
sideration  of  added  fragment  layers,  different  fragment  materials,  differing 
explosive  characteristics  and  differing  design  geometries. 

Other  sections  of  this  report  include  detailed  discussions  of  test  arrange¬ 
ments  and  instrumentation  techniques;  data  recording  and  reduction  pro¬ 
cedures,  and  methods  employed  in  the  fabrication  of  test  models.  (The 
appendix  gives  detailed  design  characteristics  and  test  data  for  the  42  war¬ 
head  models  examined  during  this  program.) 

Finally,  the  conclusion  is  reported  that  as  many  as  14  fragment  layers 
can  be  explosively  projected,  at  controlled  velocities,  into  uniformly  dis¬ 
tributed,  radial  expanding  patterns.  Recommendations  are  made  for  con¬ 
tinued  research  that  will  result  in  a  feasible  hardware  configuration  ready 
for  end  item  development. 
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SECTION  1  -  INTRODUCTION 

Experimental  and  analytical  research  on  the  Radially  Expanding 
Fragmentation  Warhead  was  initiated  for  the  Air  Force  in  November  1962 
under  contract  no.  AF08( 635)3269.  Prime  objective  of  this  contract,  as 
illustrated  conceptually  by  Figure  1,  was  to  examine  various  means  of  ex¬ 
plosively  projecting  multi-layers  of  fragments  into  a  slowly  expanding, 
uniform  radial  pattern.  The  most  significant  results  of  this  initial  effort 
included: 

Establishing  the  feasibility  of  explosively  projecting  multiple  layers 
of  fragments  (four,  six,  and  eight)  into  radially  expanding  patterns 
by  a  warhead  design  concept  utilizing  alternate  layers  of  fragments 
and  sheet  PETN  explosive; 

2  Establishing  the  feasibility  of  controlling  fragment  radial  velocities 
to  obtain  uniform  growth  patterns  by  varying  the  gage  thickness  of 
explosive  between  fragment  layers. 

^  Achieving  desired  pattern  and  velocity  distributions  for  charge  to 
metal  ratios  of  0.080  and  less. 

4  Devising  a  semi-empirical  analytical  technique  to  assist  in  the  se¬ 
lection  of  warhead  design  parameters  and  prediction  of  velocity 
performance. 

5  Defining  specific  areas  for  further  performance  improvement. 

Other  details  pertinent  to  the  research  accomplishments  under  contract 
AF  08(635)3269  are  set  forth  in  Air  Force  Technical  Documentary  Report 
No.  ATL-TDR-64-9,  Reference  1. 

Prime  objective  of  the  program  to  be  accomplished  under  contract 
AF  08(635)4263,  and  as  defined  by  Reference  2,  was  early  exploitation  of 
the  e:iplosive  layered  warhead  design  concept  to: 

1  Project  added  fragment  layers  (14  or  more)  into  uniform  radial 
distribution  patterns  with  diametric  growth  rates  of  between  500 
and  1000  feet/ second; 
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Figure  1.  Artist  Concept  of  Hypothetfeal  Space  Intercept 

2  Investigate  alternate  means  of  controlling  fragment  beam  spray 
angles  without' adding  excessive  warhead  parasitic  weight; 


2  Determine  practical  means  of  initiating  thin  explosive  layers; 

4  Determine  the  scaling  effects  of  different  fragment  materials, 
shapes,  and  sizes,  as  well  as  the  effects  of  length  to  diameter  and 
charge  to  mass  ratios. 

5  Establish  more  practical  means  of  fabricating  test  models; 

6  Demonstrate  dynamically  on  Eglin  rocket  sled  facilities  the  func¬ 
tional  feasibility  of  the  Explosive  Layered  Warhead  Concept  to  pro¬ 
ject  14  or  more  layers  of  fragments  into  slowly  expanding,  uniform 
radial  distribution  patterns. 

This  report  summarizes  achievements  in  each  of  the  above  major  areas 
of  investigation  and  discusses  in  detail  items  such  as  significant  results, 
test  arrangements  and  instrumentation,  rocket  sled  feasibility  demonstra¬ 
tions,  test  model  fabrication  techniques,  analytical  procedures,  and  gives 
complete  data  on  the  various  model  designs  tested  toward  exploiting  the 
Explosive  Layered  Warhead  design  concept. 
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SECTION  2  -  EXPERIMENTAL  PROGRAM 

This  section  summarizes  the  experimental  portion  of  the  Radially 
Expanding  Fragmentation  Warhead  Study.  It  discusses  the  approach  fol¬ 
lowed,  sets  forth  significant  accomplishments,  describes  techniques  em¬ 
ployed  in  the  collection  and  reduction  of  data,  and  discloses  fabrication 
procedures.  Detailed  data  pertinent  to  each  test  are  included  in  Appendix 
1  of  this  report. 

A.  APPROACH 

The  general  approach  followed  throughout  the  experimental  program  is 
outlined  in  flow  chart  form  in  Figure  2.  Experimentation  progressed  on 
the  basis  of  first  sampling  in  each  major  investigatory  area  and  then  pro¬ 
ceeded  down  the  most  appropriate  series  networks.  As  preliminary  re¬ 
sults  showed  promise,  effort  was  diverted  from  the  more  complex  work 
areas  and  oriented  toward  the  ultimate  objective  of  successfully  project¬ 
ing  14  layers  of  fragments  into  controlled  radial  distribution  patterns. 

Experimentation  was  initiated  with  two  major  variations  of  the  Explosive 
Layered  Concept  -  that  of  a  concentric  ring  design  and  that  of  a  spiral 
wrap  configuration  (Figure  3).  Following  the  planned  program  and  evolving 
from  experimental  results,  the  most  promising  of  these  variations  (spiral 
wrapping)  was  continued  into  the  demonstration  model  development  phase 
and  the  culminating  dynamic  functional  feasibility  demonstrations. 

All  warhead  models  were  tested  in  an  arena  using  a  Celotex  recovery 
target  to  collect  fragments  from  a  sampling  sector  of  the  warhead.  For 
most  models  tested,  fragments  in  this  sector  were  marked  in  order  that 
their  velocity  and  trajectory  could  be  correlated  with  their  location  in  the 
warhead.  However,  as  the  number  of  fragment  layers  was  increased  and 
angular  bearri  spray  reduced,  the  multiplicity  of  fragment  impacts  in  a 
small  target  area  destroyed  the  first  layers  of  Celotex  and  negated  any 
reasonable  correlation  of  fragment  recovery  with  their  location  in  the 
original  test  model.  Hence,  flash  x-ray  radiographic  techniques  were  em¬ 
ployed  to  provide  more  precise  measurements  of  fragment  velocities  and 
to  confirm  uniformity  of  the  radial  distribution  patterns. 
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Figure  2.  Experimental  Program  Flow  Chart 
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Concentric  Ring  Concept  Spiral  Configuration  Concept 

Figure  3.  Cross  Sections  of  Explosive  Layered  Concepts 

B.  SIGNIFICANT  RESULTS 

This  research  program  has  resulted  in  the  evolution  of  an  Explosive 
Layered  Warhead  design  capable  of  projecting  14  layers  of  fragments  into 
a  slowly  expanding,  uniform,  radial  pattern.  Figure  4,  a  l/2  scale  section- 
alized  inert  model,  illustrates  the  warhead's  general  design  characteris¬ 
tics,  which  include: 

^  A  hyperbolic  shape  for  beam  spray  control, 

£  A  10.75  inch  length  by  9.75  inch  diameter, 

£  A  total  weight  of  110  pounds, 

4  30,000  one-quarter  inch  steel  fragments, 

5  3  pounds  of  sheet  PETN  explosive, 

6  An  external  line  wave  generator  to  permit  single  point  initiation, 

7  A  charge  to  mass  ratio  of  only  0.036,  exclusive  of  two  l/2  inch 
~  thick  steel  end  plates  and  a  center  steel  mounting  fixture. 
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Figure  4.  Inert  Model  Explosive  Layered  Warhead  Design 

Two  full  scale  test  models  incorporating  these  design  characteristics 
are  shown  in  Figure  5. 
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Figure  5.  Full  Scale  Warhead  Test  Models 


Performance  capabilities  of  this  design  as  determined  from  static 
arena  test  are; 

_1  Fragment  velocity  distributions  from  less  than  100  to  1000  feet  per 
second,  with  90  percent  of  the  fragments  at  velocities  below  750  feet 
.  per  second; 

2  90  percent  of  fragment  impacts  within  a  30  degree  beam  spray 
angle  (Figure  6), 

Figures  7  and  8  provide  experimental  evidence  as  to  the  design's  ability 
to  achieve  the  reported  velocity/space  distributions.  Figure  7  is  a  flash 
radiographic  mosaic  of  the  fragment  pattern  formation  from  a  sample 
section  of  one  such  warhead  test,  and  Fi^re  8  is  a  similar  presentation 
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Figure  6.  Typical  Recovery  Target  Impact  Pattern  for  14  Fragment 

Layered  Test  Model 
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derived  from  fragment  recovery  data,*  Both  of  these  presentations  show 
how  the  fragments'  distributions  would  appear  to  an  observer  viewing  the 
pattern  formation,  at  a  given  instant  in  time,  down  the  warhead' s  longitud¬ 
inal  axis. 

In  addition,  the  warhead '  s  ability  to  function  under  dynamic  conditions 
has  been  demonstrated  through  rocket  sled  testing  (Figures  9  and  10).  On 
two  successive  trials  the  warhead  successfully  detonated  at  sled  velocities 
of  approximately  1300  feet  per  second  and  created  uniform  radial  distribu¬ 
tion  patterns  with  an  average  of  15  to  20  fragment  hits  per  square  foot  on  a 
witness  target  located  forward  of  the  warhead's  point  of  detonation.  Figure 
11  shows  the  results  of  the  first  firing  trial  and  Figure  12  shows  the  frag¬ 
ment  distributions  achieved  on  a  strengthened  target. 

Further  detailed  discussion  of  results  recorded  during  the  experimental 
portion  of  this  program  as  applicable  to  each  major  work  area  -  beam  spray 
control,  initiation,  scaling,  projection  of  added  fragment  layers,  and  dy¬ 
namic  feasibility  demonstrations  -  is  given  in  subsequent  paragraphs. 


*  Although  this  figure  shows  fragments  grouped  in  distinct  bands,  it  is 
emphasized  that  this  effect  is  exaggerkted  because  of  the  multiplicity  of 
fragment  hits  within  the  same  area  arW  the  accuracy  with  which  fragment 
penetration  can  be  related  to  impact  Velocity.  The  radiograph  of  Figure  7 
confirms  this  observation.  i 


CONFIDENTIAL 


CONFIDENTIAL 


Tff  -  le 


r— V  T"-**  ^ 


Figure  7.  Radiographic  Data  of  Fragment  Velocl 

14  Fragment  Layered  Test  M 
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diographic  Data  of  Fragment  Velocity/Space  Distribution 
14  Fragment  Layered  Test  Model 
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Figure  7  (Co; 
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Figure  7  (Cont) 


CONFIDENTIAL 

11 


C0NFIDENTIA1 


Velocity 


Note;  Apparent  banding  of  fragi'nents  results  from  multiplicity 

of  hits  within  same  area  and  accuracy  with  which  recovery 
can  be  related  to  impact  velocity. 


Figure  8.  Recovery  Target  Velocity/Space 

Layered  Test  Mo< 
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Target  Velocity/Space  Distribution  for  14  Fragment 
Layered  Test  Model 
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Figure  9.  Warhead  Test  Model  on  Rocket  Sled 
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Figure  10.  CZR  Camera  Record  of  Functional 
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Figure  10.  CZR  Camera  Record  of  Functional  Feasibilil 
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Figure  11.  Witness  Target  Results  After  Detonation  of 
14  Fragment  Layered  Warhead,  RE- 19 
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Figure  12.  Witness  Target  Results  After  Detonation  of 
14  Fragment  Layered  Warhead,  RE-20 


1.  BEAM  SPRAY  CONTROL 

Data  resulting  from  this  program  show  that  techniques  such  as  massive 
end  plates,  fragmenting  end  plates,  explosive  end  plates,  configuration 
shaping,  and  combinations  of  these  are  all  effective  in  controlling  fragment 
beam  spray  angles.  Table  1  summarizes  the  control  potential  as  well  as 
advantages  and  disadvantages  of  the  various  techniques  considered,  and 
Figure  13  graphically  depicts  beam  spray  control  achievements  of  the  various 
designs. 

Based  on  the  information  presented  in  the  above  referenced  table,  a  beam 
spray  control  technique  incorporating  hyperboloid  configuration  shaping 
and  1/2  inch  thick  steel  end  plates  was  selected  for  the  development  of  final 
feasibility  demonstration  models.  This  technique  was  selected  because  it 
provided  a  narrow  beam  spray  angle  (90  percent  fragments  within  30  degrees). 
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TABLE  1  -  BEAM  SPRAY  CONTROL  TECHNIQUE  COMPARISON 


TECHNIQUE 


Massive  end 
plates  <  l" 
thick)  and  cy* 
lindrical  de¬ 
sign  configu¬ 
rations 


Fragmenting 
end  plates  ( l" 
thick)  and  cy¬ 
lindrical  de¬ 
sign  configu¬ 
rations 


Hyperboloid 
shaping  and 
1/2"  thick 
steel  end 
plates 


Hyperboloid 
shaping  and 
fragmenting 
end  plates 


Hyperboloid 
shaping  and 
explosive  end 
plates 


CONTROL 

POTENTIAL 


35®  maximum  sprayi 
angle  for  6,  8  and 
10  fragment  layers 
(Ref.  and  Test 
Model  106,  Appen¬ 
dix  1.)  75%  frag¬ 
ment  hits  within  25® 
for  14  fragment 
layers,  (Test 
Model  RE-1,  Appen¬ 
dix  1) 

Same  order  of  beam 
spray  control  as 
with  solid  steel  end 
plates.  (Test  Model 
RE-7,  Appendix  1) 


12  to  20  degrees  for 
fragment  layers 
depending  upon  de¬ 
sign  curvature 
(Test  Models  94, 

95,  102,  103  and 
RE-2;  Appendix  1). 


Approximately 
same  degree  of  con¬ 
trol  as  above  hyper¬ 
boloid  designs 
(Test  Models,  108, 
RE-14,  and  RE-IS; 
Appendix  1) 


Provides  essen¬ 
tially  the  same  de¬ 
gree  of  control  as 
other  techniques: 

87%  fragments  with¬ 
in  12®  for  4  layer  de¬ 
sign 

83%  fragments  with¬ 
in  20®  for  8  layer 
design 

84%  fragments  with- 
i  n  30®  for  13  layer 
design 

(Test  Models  107, 
RE-3  and  RE-8: 
Appendix  1). 


ADVANTAGES 


Simplified  fabrication; 
structural  capability 
to  withstand  dynamic 
loadings;  structural 
compatibility  with 
cantilever  mounting  or 
orientation  systems. 
Compatible  with  single 
and  dual  initiation  tech¬ 
niques. 

Reduced  parasitic 
weight;  efficient  utili¬ 
zation  of  allowable 
metal  weight;  increas¬ 
ed  fragment  density  in 
center  of  expanding 
disc;  structural  com¬ 
patibility  with  canti¬ 
lever  mounting  tech¬ 
niques.  Compatible 
with  single  and  dual 
initiation  techniques. 

More  effective  control 
than  achievable  with 
cylindrical  configura- 
|tion;  structural  com¬ 
patibility  with  dynamic 
I  loading  and  system 
mounting  fixtures;  com¬ 
patible  with  single  or 
dual  initiation  techni¬ 
ques. 

All  advantages  of  a- 
bove  hyperboloid  de¬ 
sign  plus  more  effi¬ 
cient  utilization  of 
allowable  weight  and 
a  means  of  increasing 
fragment  density  in 
center  of  expanding 
disc. 

Minimum  parasitic 
weight;  provides  means 
of  initiating  all  explo¬ 
sive  layers  in  concen¬ 
tric  ring  designs. 


DISADVANTAGES 


Excessive  parasitic 
weight. 


Slight  fabrication  com¬ 
plexity. 


Parasitic  weight. 


Slight  fabrication  com¬ 
plexity. 


'Requires  dual  initia¬ 
tion  points.  Appears 
to  be  incompatible 
with  spiral  design 
models.  May  require 
additional  structure 
for  compatibility  with 
dynamic  loading  and 
mounting  fixtures. 
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Percent  of  Total  Recovered  Fragment  Hits 
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Figure  13.  Design  Configuration  Beam  Spray  Achievements 
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and  was  compatible  with  other  pertinent  design  consideration  such  as  spiral 
explosive  layering,*  single  point  initiation,  and  minimization  of  parasitic 
weight.  The  same  degree  of  beam  spray  control  was  achieved  with  both 
spiral  and  concentric  ring  designs.  However,  the  spiral  design  provided  the 
potential  for  evolving  a  warhead  model  capable  of  better  meeting  dynamic 
structural  requirement. 

Solid  steel  end  plates  were  selected  for  this  design  simply  to  expedite 
model  fabrication  and  to  ensure  sufficient  structural  integrity  for  the  dynamic 
sled  test.  For  future  development,  replacement  of  the  solid  steel  end  plates 
with  fragmenting  end  plates  will  reduce  parasitic  weight  of  the  overall  war¬ 
head  and  provide  more  effective  fragments  in  the  center  of  the  expanding 
radial  fragment  pattern. 


*  Spiral  design  concept  was  selected  because  of  its  convenient  adaptability 
to  the  projection  of  added  fragment  layers  (Paragraph  4). 
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2.  INITIATION 

Following  completion  of  the  initial  summary  report  (Reference  1)  and 
progressing  toward  the  goal  of  achieving  reduced  fragment  velocities, 
difficulties  were  encountered  in  obtaining  complete  detonation  of  thin  gaged 
sheet  explosive  (0.042  and  0.025  inch  thicknesses)  in  six  and  eight  layered 
test  model  designs  (numbers  90,  91,  92,  93,  97;  Appendix  1).  Initially  this 
difficulty  was  attributed  to  unreliable  initiation  of  the  thinner  gaged  sheet 
explosive  since  it  had  never  been  observed  with  0.084  inch  thick  explosive 
in  either  the  spiral  or  concentric  ring  design  configurations. 

Subsequent  experimentation  with  sheet  explosive  in  flat  continuous  strips 
and  spiral  wrapped  packages,  without  fragments,  revealed  that  initiation 
was  being  accomplished  and  that  incomplete  detonation  was  most  likely 
resulting  from  other  causes,  possibly  fabrication  procedures  or  the  design 
concept  itself. 

Precautions  such  as  the  use  of  special  explosive  adhesives  and  rein¬ 
forced  taping  procedures  at  each  explosive  splice  were  evaluated.  Never¬ 
theless,  incomplete  detonations  were  still  observed. 

Simultaneous  with  the  incomplete  detonation  observations,  attempts  were 
initiated  to  eliminate  any  tendency  for  the  spiral  designs  to  create  voids  in 
the  center  of  the  expanding  fragment  package.  Implementation  of  this  ob¬ 
jective  was  simply  the  removal  of  center  explosive  burster  charges,  the 
void  of  which  was  to  be  subsequently  filled  with  a  center  mounting  spindle 
or  fragments.  Upon  filling  this  center  void  with  fragments,  complete  deto¬ 
nations  of  the  thin  gaged  explosive  were  thereafter  achieved  (Test  Models 
104,  105,  106,  109;  Appendix  1),  Hence,  it  is  reasoned  that  the  absence  of 
structure  within  the  center  of  externally  initiated  spiral  designs  permitted 
shock  and  pressure  waves  to  separate  explosive  splices  and  prevent  com¬ 
plete  detonations. 

For  concentric  ring  designs,  wherein  a  central  explosive  burster  is 
always  used,  no  difficulties  were  encountered  in  achieving  complete  deto¬ 
nation  with  0.084  inch  thick  explosive  through  as  many  as  eight  fragment 
layers.  However,  when  the  thinner  gaged  explosives  were  employed  com¬ 
plete  detonation  was  not  achieved  beyond  six  fragment  layers.  This 
possibility  had  been  anticipated  with  the  ultimate  solution  of  incorporating 
a  manifolding  initiation  technique. 

Problem  resolution  was  quite  simple  and  resulted  as  a  by-product  of  the 
explosive  end  plate  beam  spray  control  experiments.  By  insuring  that  the 
explosive  end  plate  discs  were  in  intimate  contact  and  secure  (explosive 
adhesive)  with  each  concentric  ring  of  explosive,  a  simple  manifolding 
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technique  was  derived  and  complete  detonation  of  multiple  concentric 
explosive  layers  was  achieved  (Test  Models  107,  RE-3,  RE-8,  RE-14, 

RE -15;  Appendix  1). 

3.  SCALING 

Scaling  experiments  included  investigations  into  overall  configuration 
length  to  diameter  ratio  effects,  alternate  arrangements  of  fragment  and 
explosive  layering,  as  well  as  effects  of  fragment  material,  size,  and 
shapes.  Results  of  these  investigations  are  summarized  accordingly  in 
the  following  paragraphs. 

a.  Length  to  Diameter  Ratio  -  For  six  fragment  layered  hyperboloid 
concentric  ring  designs.  Figure  14,  increasing  the  model's  length  to  dia¬ 
meter  ratio  from  1  to  2  appears  not  to  decrease  the  explosive  layered  de¬ 
sign  concept' s  ability  to  project  fragment  layers  at  graduated  velocities. 
To  retain  small  beam  spray  angles,  a  hyperboloid  curvature  greater  than 
that  employed  herein  is  recommended. 

1/2  X  5.75  Inch  Stool  Plates 


Figure  14,  Test  Model,  L/D  =  2,  Hyperboloid  Configuration 
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b.  Alternate  Fragment/Explosive  Layering  Arrangements  -  Double 
fragment  layers  in  concentric  ring  design  results  in  incomplete  detonation 
when  explosive  end  plate  discs  are  not  used  (Test  Models  98  and  99;  Appen¬ 
dix  1).  On  the  other  hand,  double  fragment  layers  in  spiral  design  configu¬ 
rations  reduce  overall  velocity  performance  by  approximately  20  percent 
in  comparison  to  single  fragment  layers  (Reference  1),  thus  more  closely 
achieving  required  velocity  distributions.  (Test  Models  100,  101,  105,  106; 
Appendix  1).  Hence,  this  packaging  arrangement  was  selected  for  subse¬ 
quent  test  with  added  fragment  layers. 

c.  Fragment  Materials  -  The  innermost  layers  of  nickel  fragments 
in  designs  employing  center  explosive  bursters  can  be  expected  to  be  de¬ 
formed  (RE-11,  Appendix  1).  On  the  other  hand,  as  many  as  .14  layers  of 
nickel  fragments  can  be  projected  from  spiral  hyperboloid  configurations 
(no  center  bursters)  without  any  fragment  deformation,  (RE-23;  Appendix  1). 

A  number  of  tests  utilizing  hollow  brass  spheres  affixed  to  small  strips 
of  sheet  explosive  were  conducted  to  investigate  the  feasibility  of  incor¬ 
porating  such  fragments  in  radial  explosive  projectors.  The  resulting  data 
indicate  that  the  hollow  brass  spheres  deformed  excessively  when  exposed 
to  explosive  forces  and  do  not  appear  to  be  a  practical  fragment  for  the 
current  radially  expanding  warhead  designs. 

d.  Fragment  Size — Increasing  fragment  size  from  l/4  inch  diameter 
spheres  to  l/2  inch  diameter  spheres  in  concentric  ring  designs  without 
explosive  end  plates  results  in  incomplete  detonation  of  the  test  model 

(RE -9  and  10;  Appendix  1).  This  is  attributed  to  the  added  distance  between 
explosive  layers.  On  the  other  hand  \/2  inch  diameter  spheres  in  designs 
utilizing  explosive  end  plates  (RE -21;  Appendix  1)  can  be  successfully  pro¬ 
jected  and  provide  essentially  the  same  velocity  distributions  for  equivalent 
charge  to  mass  ratios  as  utilized  in  designs  employing  l/4  inch  diameter 
spheres.  It  is  believed  that  the  larger  size  fragments  can  be  successfully 
projected  in  either  the  spiral  or  concentric  ring  design  configuration  utili¬ 
zing  either  cylindrical  or  hyperboloid  shaping;  however,  this  must  be  con¬ 
firmed  experimentally. 

e.  Fragment  Shape — Use  of  cubical  fragments  as  opposed  to  spher¬ 
ical  fragments,  while  retaining  an  equivalent  charge  to  mass  ratio,  pro¬ 
vides  a  more  concentrated  impact  pattern  and  approximately  a  20  percent 
increase  in  fragment  velocities  (RE-22;  Appendix  1). 

4.  ADDED  FRAGMENT  LAYERS 

As  many  as  fourteen  layers  of  fragments  have  been  projected  by  both 
the  concentric  ring  and  spiral  explosive  layering  design  concepts.  The 
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Figure  15.  Estimated  Design  Parameters  for  Multi-Layered 
Hyperboloid  Designs 
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maximum  number  of  fragment  layers  which  can  be  projected  by  these 
techniques  is  believed  to  be  considerably  more  than  fourteen  but  is  yet 
to  be  confirmed.  Figure  15  illustrates  design  parameter  projections 
which  appear  to  be  easily  achievable  with  hyperboloid  design  in  the  imme¬ 
diate  future.  On  the  basis  of  exploratory  scaling  data  generated  during 
this  study,  extrapolation  beyond  the  points  shown  on  Figure  15,  as  well  as 
utilization  of  other  fragment  sizes,  shapes,  and  materials  should  present 
no  major  unresolvable  problems. 

5.  DYNAMIC  FEASIBILITY  DEMONSTRATIONS 

Design  requirements  for  the  rocket  sled  feasibility  demonstrations 
included; 

1  Maximum  longitudinal  force  of  40  to  45  "g". 

2  Track  roughness  factor  of  6  "g"  and  a  safety  factor  of  6. 

3  Preferable  usage  of  cantilever  mounting  fixture  for  securing  warhead 

to  rocket  sled. 

Towards  meeting  these  requirements  an  inert  test  model  was  first  de¬ 
signed,  subjected  to  centrifuge  testing,  and  then  dynamically  tested  on  the 
Eglin  rocket  sled. 

This  inert  model  was  of  the  spiral  hyperboloid  configuration  which 
weighed  130  pounds,  contained  approximately  34,500  fragments  in  fourteen 
layers,  and  an  explosive  simulant  of  0.06  inch  thick  rubber.  Figure  16 
shows  the  finished  warhead  model  and  rocket  sled  mounting  fixtures  prior 
to  final  assembly  and  case  finishing. 

Centrifuge  forces  which  this  model  successfully  withstood  are  listed 
below: 

1  Longitudinal  Position  (Figure  17); 

35.6  "g"  at  inside  end  plate 

47.7  "g"  at  center  of  gravity 

57.0  "g"  at  outside  end  plate 

2  Lateral  Position; 

26.7  "g"  on  test  No.  1 

37.7  "g"  on  test  No.  2 
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Figure  16.  In'ert  Test  Model  and  Sled  Mounting  Fixture 


Figure  17.  Inert  Test  Model  on  Centrifuge  Arm 
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This  inert  model  successfully  withstood  the  rocket  sled  test  in  mid- 
December  1964.  Peak  sled  velocity  achieved  during  this  test  was  approx¬ 
imately  1300  feet  per  second.  Figure  18,  a  CZR  camera  photographic 
record,  shows  the  model  completely  intact  during  and  at  the  end  of  the 
sled  run.  (Table  2  shows  sled  velocities  achieved  during  this  test.) 


TABLE  2  -  ROCKET  SLED  TIME -VELOCITY  HISTORY 

PROJ.  2508W4 

SLED  SHOT  16  DECEMBER  1964 


TIME 

INTERVALS 

Msec 

VELOCITY 

Ft/Sec 

FT.  FROM 
MUZZLE 

TIME 

INTERVALS 

Msec 

VELOCITY 

Ft/Sec 

FT.  FROM 
MUZZLE 

0 

0 

1788 

40.8 

1225 

675 

123.3 

405 

1725 

41.3 

1210 

625 

90. 

556 

1675 

41.5 

1205 

575 

74.5 

672 

1625 

42. 

1190 

525 

65.2 

767 

1575 

42.5 

1175 

475 

(1525) 

114. 

878 

1500 

43 

1 163 

425 

(1475) 

43.5 

1150 

375 

51. 

982 

1425 

43.7 

1143 

325 

48 

1043 

1375 

44 

1135 

275 

115.7 

1095 

1325 

44 

1135 

225 

43.5 

1150 

1275 

44.6 

1120 

175 

42.5 

1175 

1225 

44.8 

1115 

125 

41 

1220 

1175 

45 

1110 

75 

40.5 

1235 

1125 

45.5 

1100 

25 

39.4 

1270 

1075 

39.1 

1280 

1025 

38.9 

1285 

975 

Total  Initial  Wt.  1032  Lb. 

39 

1282 

925 

Wt.  After  Burnout 

840  Lb. 

39.2 

1276 

875 

39.8 

1255 

825 

40.2 

1245 

775 

40.3 

1240 

725 

NOTE:  These  data  provided  by  Detachment  -  4. 
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Figure  18.  CZR  Camera  Record  of  Inert  Model  Sled  Test 
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In  mid-January  1965  two  similar  explosive  loaded  test  models  (RE- 19 
and  RE-20;  Appendix  1)  successfully  demonstrated  their  performance 
capability  under  the  same  dynamic  sled  test  conditions.  RE- 19  was  fired 
approximately  28  feet  in  front  of  a  Celotex  witness  target  at  a  sled  velo¬ 
city  of  1300  feet  per  second.  Although  the  witness  target  was  completely 
destroyed  by  the  fragmentation  and  blast  effect’s,  examination  of  target  de¬ 
bris  indicated  a  uniform  fragment  distribution  pattern  with  15  to  20  frag¬ 
ment  hits  per  square  feet  over  a  radius  of  approximately  20  feet.  RE-20 
was  fired  four  feet  closer  to  the  target  and  again  created  a  distribution 
pattern  of  15  to  20  fragment  hits  per  square  foot  over  a  radius  of  15  feet. 

C.  TEST  ARRANGEMENT  AND  INSTRUMENTATION 

A  typical  test  arena  employed  during  this  program  (Figure  19)  consists 
of: 

1  A  gridded  Celotex  recovery  target  to  determine  fragment  beam  spray 
angle  and  to  estimate  fragment  velocity/ space  distribution  patterns; 

2  A  180  degree  Celotex  witness  panel  arena  to  confirm  radial  con¬ 
tinuity  of  the  beam  spray  angle; 

3  Five  flash  radiographic  channels  to  determine  maximum  fragment 
expansion  rate  and  to  confirm  uniformity  of  the  distribution  pattern; 
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4  Fastax  camera  and  opaque  flash  box  to  provide  independent  fragment 
velocity  measurements. 

Further  discussion  of  the  individual  elements  within  this  arrangement 
follows. 

1.  CELOTEX  RECOVERY  TARGETS 

All  recovery  targets  are  constructed  of  the  same  type  Celotex  (Building 
Board,  Finish  20,  Federal  Specification  LLL- 1-535  l/2  inch  thick  sheets) 
and  packed  as  nearly  alike  as  possible,  the  number  of  layers  varying  in 
accordance  with  expected  impact  velocities.  The  face  of  each  recovery 
target  is  marked  with  a  grid  of  one-foot  squares.  Through  careful  cor¬ 
relation  of  fragment  impact  location  with  depth  of  penetration,  and  the 
previously  described  calibration  curve  (Figure  20  and  Reference  1),  esti¬ 
mates  of  both  fragment  velocities  and  space  distribution  are  determined. 


Figure  20.  Penetration  versus  Velocity  Calibration  Curve 
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2.  FLASH  RADIOGRAPHIC  TECHNIQUE 

The  flash  radiographic  technique  employed  is  illustrated  in  Figure  21. 
Five  150KV  X-ray  tubes  of  the  Field  Emission  type  (Model  730)  are  loca¬ 
ted  at  2 -foot  intervals  in  the  ground  plane.  Four  feet  above  these  tubes  and 
within  protective  barriers  is  a  10 -foot -long  mosaic  of  X-ray  film.  At  a 
pre -determined  time  after  warhead  detonation  all  X-ray  tubes  are  flashed 
simultaneously,  providing  a  direct  view  of  these  fragments  between  the 
filni  and  X-ray  sources  (Pigiare  22).  From  this  presentation,  fragment 
velocities  can  be  reasonably  well  calculated  since  all  distances  are 
measured  by  surveying  techniques  and  since  the  time  between  warhead 
detonation  and  X-ray  flash  is  precisely  recorded  on  a  Tektronix  Model  555 
oscilloscope.  (Double  exposures  of  fragment  patterns  were  prevented  by 
the  use  of  lead  apertures  over  each  tube,  thereby  eliminating  cross-radia¬ 
tion.) 

3.  FASTAX  CAMERA  AND  OPAQUE  LIGHT  BOX 

To  obtain  an  independent  measure  of  low  velocity  fragments  a  technique 
utilizing  a  Fastax  camera  focused  on  an  opaque  light  box  is  employed.  In 
concept,  photoflash  bulbs  within  the  light  box  (Figure  23)  are  flashed  at 
sequential  time  intervals  after  warhead  detonation  and,  as  individual  frag¬ 
ments  perforate  the  thin  opaque  covering,  light  flashes  are  recorded  on 
the  camera  record.  Other  details  pertinent  to  this  technique  include: 


Figure  21.  Ffash  Radibgha,phic  Test  Arrangement 


(1b»  xwerse  side  of  this  page  is  blank.) 
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Figure  22.  Flash  Radiographic  Record  of  RE- 23 
(14  Layers  of  Nickel  Fragments) 
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Figure  23.  Opaque  Light  Box 


1  Light  Box  size  -  4  by  8  feet  by  6  inches, 

2  Opaque  covering  -  0.004  inch  thick  polyvinyl, 

3  Flash  bulbs  -  Twenty-four  (Press  25)  bulbs  in  three  individual  cir¬ 
cuits  sequenced  at  6  millisecond  time  intervals, 

4  Fastax  camera  -  Wollensak  Model  WF-4  with  one -millisecond  timing 
light;  pulse  generator;  industrial  timer  "Goose"  Model  J-515;  5000  to 
8000  frames  per  second. 

4.  FIRING  CIRCUIT 

The  electrical  pulse  for  initiating  warhead  test  models  is  of  the  capacitor 
discharge  type  utilizing  a  4  microfarad  capacitor  charged  to  10,000  volts. 
The  basic  design  for  the  unit  was  obtained  from  the  Ballistic  Research 
Laboratories,  Aberdeen  Proving  Grounds,  Maryland  (Reference  3). 
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5.  SLED  TEST  ARRANGEMENT 

Dynamic  functional  feasibility  demonstrations  were  accomplished  at  the 
Eglin  Air  Force  Base  rocket  sled  test  facilities.  Figure  24  schematically 
illustrates  the  general  test  arrangement  and  includes: 

JL  A  2000  foot  monorail  track,  900  feet  of  which  was  used  for  testing 
Radially  Expanding  Fragmentation  Warhead  Models; 

2  A  sled  propelled  by  eight  5  inch  HVAR  rocket  units; 

^  Screen  box  triggering  and  capacitor  discharge  circuitry  for  warhead 
initiation  at  the  end  of  the  sled  run; 

4  A  32  foot  by  32  foot  Celotex  witness  target  placed  2  5  feet  from  the 
end  of  the  sled  track  and  located  so  as  to  sample  the  warhead' s  frag¬ 
ment  distribution  pattern  in  the  upper  right  hand  quadrant.  Figure 
25; 

^  Two  CZR  cameras  (30  to  70  frames  per  second)  for  determining 
terminal  sled  velocity  and  point  of  warhead  detonation,  as  well  as 
providing  photographic  evidence  of  fragment  target  interactions; 

£  Three  16  mm  Fairchild  Model  100  high  speed  cameras  (1000  frames 
per  second)  for  viewing  fragment  impacts  on  the  target' s  face; 

7_  Four  35  mm  l/2  frame  Fastax  cameras  (4000  frames  per  second)  to 
obtain  a  side  view  of  the  fragment  pattern  formation; 

£  One  35  mm  Mitchell  documentary  camera  (48  frames  per  second). 


D.  DATA  REDUCTION 

Data  resulting  from  the  previously  described  test  arrangement  include: 

_1  Fastax  film  records  for  fragment  velocity  measurements, 

^  Still  photographic  records  of  the  impact  patterns, 

^  Fragment  recovery  records  giving  fragment  location,  depth  of 
penetration,  and  where  possible  the  fragment  layer  identification, 

^  Flash  X-ray  radiographic  records. 
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Figure  24.  Typical  Eglin  Sled  Test  Arrangement 
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Figure  25,  Sled  Test  Witness  Target 


1.  FASTAX  VELOCITIES 

Fastax  camera  records  are  reviewed  through  the  use  of  a  photographic 
film  analyzer  (L-W  Photo  Optical  Data  Analyzer  Model  225).  By  project¬ 
ing  this  film  and  recording  framing  rates,  elapsed  time  from  warhead 
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detonation  to  fragment  impact  is  determined.  As  the  number  of  fragment 
layers  is  increased  and  the  beam  spray  angle  reduced,  the  multiplicity  of 
fragment  impacts  within  a  small  area  presents  a  nearly  impossible  task 
of  determining  velocity  for  individual  fragments.  However,  for  the  larger 
test  models  (10  to  14  layers)  this  technique  is  very  useful  in  establishing 
maximum  fragment  velocities  and  confirming  the  continuation  of  fragment 
impacts  well  into  the  very  low  velocity  region  of  100  feet  per  second  or 
less. 

2.  IMPACT  PATTERNS 

Following  each  test  firing  the  individual  fragment  impact  points  are 
numbered  and  permanent  photographic  records  made  (Appendix  1).  By 
counting  the  number  of  impacts  within  various  horizontal  bandwidths  on 
the  gridded  recovery  target  and  relating  these  to  arena  geometry  and 
distance  measurements,  thie  percentages  of  fragments  within  given  beam 
spray  angles  are  determined.- 

3.  POLAR  DISTRIBUTION  PLOTS 

Figure  26  is  a  typical  polar  plot  of  a  6 -layered  test  model  illustrating 
the  model's  velocity/space  performance.  It  shows  how  the  fragment 
pattern  would  appear  to  an  observer  viewing  its  formation,  at  a  given  in¬ 
stant  in  time,  along  the  warhead's  longitudinal  axis.  Average  fragment 
velocities  are  plotted  radially  along  with  angular  position  and  fragment 
row  location  as  shown  by  the  coded  data  points.  These  velocities  have 
not  been  corrected  for  air  retardation.  However,  considering  the  short 
distances  involved,  the  error  introduced  is  approximately  1  percent  or 
less  of  the  initial  velocitie  s  within  the  velocity  interval  of  interest.  Again, 
with  the  large  multilayered  test  models  and  reduced  beam  spray  angles, 
the  multiplicity  of  fragment  impacts  negated  accurate  recovery  of  frag¬ 
ments.  Hence,  the  costly  procedure  of  marking  fragments  was  discon¬ 
tinued  in  the  14 -layered  te  st  models  and  recovery  progressed  on  the  basis 
of  obtaining  a  gross  indicator  of  the  test  model' s  velocity/ space  performance. 

4.  FLASH  X-RAY  RADIOGRAPHY 

Flash  X-ray  radiographs  (Paragraphs  B  and  C)  provided  the  primary 
means  of  instrumentation  for  large  multiple  layered  test  models.  It  is 
emphasized  that  this  technique  samples  only  those  fragments  within  the 
radiation  cone  and  passing  between  the  radiation  source  and  X-ray  film 
plates.  These  data  must  stiLlbe  correlated  with  those  resulting  from  im¬ 
pact  patterns  and  witness  panels  to  obtain  an  overall  insight  as  to  the  test 
model' s  performance. 


7' 
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E.  FABRICATION  PROCEDURES 

Design  drawings  and  descriptions  of  thie  various  types  of  warhead  models 
fabricated  for  this  program  are  given  in  -Appendix  1.  Because  of  the  wide 
number  of  variables  investigated,  each  test  model  was  hand  made.  Discus¬ 
sion  of  the  more  salient  features  pertinent  to  the  fabrication  of  these  de¬ 
vices  follows. 

1.  FRAGMENTS 

The  type  of  fragments  employed  in  this  program  includes  l/4  and  1/2- 
inch  diameter  steel  spheres  (SKF  36-300,  Grade  200,  Polished);  l/4  inch 
steel  (SAE-1019)  cubes;  and  l/4  inch  hollow  brass  spheres.  Spheres  were 
used  in  the  majority  of  tests  because  of  econoniics  and  ready  availability. 

Identification  marking  of  fragments  was  accomplished  with  simple  steel 
stamps  after  heat  treating  the  fragments  to  a  hardness  of  Rockwell  B-85. 
Marked  fragments  were  used  only  in  the  test  model's  sector  where  re¬ 
covery  was  to  be  accomplished. 

2.  EXPLOSIVE 

Explosives  used  during  this  program  include  Composition  C-4,  Cyclonite 
(RDX)  and  rubberized  sheet  explosive  (DuPont  Datasheet  "C"  -  MIL-E- 
46676  (MU)  Flexible  Explosive^  Sheet  explosive  was  used  in  all  explosive 
layered  designs  and  for  explosive  end-plate  experiments.  Major  character¬ 
istics  of  the  DuPont  Detasheet  are  summarized  in  Table  No.  3  and  Ref¬ 
erence  4. 

Fabrication  procedures  em.ployed  with  the  sheet  explosive  involved 
simply  cutting  the  explosive  to  the  required  size  and  covering  it  complete¬ 
ly  with  cloth  gun  tape.  It  was  found  that  this  tape  prevented  deterioration 
of  the  rubberizing  material  in  the  sheet  explosive  during  a  subsequent 
inert  filler  curing  process.  When  necessary  to  increase  the  length  of  the 
explosive  sheet,  edges  of  separate  sheets  were  feathered  and  spliced  with 
DuPont  explosive  adhesive  4684. 

3.  FRAGMENT  PACKAGING 

Investigations  into  possible  means  of  improving  the  technique  of  pack¬ 
aging  fragments  were  conducted.  Improvement  goals  are  superior  quality 
test  models  and  reduced  fabrication  time.  Techniques  considered  as  ill¬ 
ustrated  by  Figure  27  include: 

2  Encapsulating  fragments  in  a  pliable  sheet,  such  as  Sylgard  182  and 
Silastic  RTV-501  Silicone  Rubber, 
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TABLE  3  -  EXPLOSIVE  CHARACTERISTICS  DuPONT  DETASHEET  C 


PROPERTIES _ 

Explosive  Content  &  Material 
Detonation  Velocity 
Density 

Flexibility  Range 
Storage  Life 
Thermal  Stability 

Hot  Bar  Ignition  Temperature 


Impact  Sensitivity 
Static  Sensitivity 

Minimum  Tensile  Stren^^th 
Range  of  Percent  Elongation 
Minimum  Propagation  Thickness 


QUANTITIES 

63%  PETN  -  8%  NC 
7000  meters/see 
1.48  grams/cc 
-65  to  leOT 

Over  4  years  at  ambient  temperatures 
24  hrs  at  aSO^F 
1  hr  at  275“F 
Instantaneous  at  565“F 
5  seconds  at  456®F 
15  seconds  at  SSO^F 
30  seconds  at  353°F 
56  inches  (5  KG  Drop  Test) 

0.9  joule  (30  KV  discharged  through 
a  capacitance  of  2000  mf) 

30  psi  (20  in./min.  crosshead  travel) 
15  to  150 

0.025  inch  (unconfined) 
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2  Pre-casting  fragments  in  a  frangible  material  such  as  Laminae, 

3  Securing  fragments  to  a  double  coated  pressure  sensitive  tape, 
(Minnesota  Mining  No.  400). 

Of  these  approaches,  the  pressure  sensitive  tape  proved  to  be  most  use¬ 
ful,  economical,  and  time  saving.  Figure  28  shows  a  preliminary  fabrica¬ 
tion  stage  of  one  test  model  wherein  this  tape  was  employed.  Previous 
fragment  packaging  techniques  for  a  model  such  as  this  required  as  much 
as  eight  hours  to  "lay-up"  a  single  external  fragment  layer.  With  the 
pressure  tape,  time  required  to  "lay=-up"  the  same  external  fragment  layer 
is  reduced  to  one  hour. 


Figure  28.  Partial  Fabrication  Test  Model  RE- 14 
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The  technique  of  encapsulating  fragments  in  Silastic  Rubber  (Figure  29) 
also  showed  promise.  However,  since  test  model  designs  were  evolving 
toward  a  hyperbolic  concept  further  investigation  was  suspended  because 
of  the  problem  of  fitting  a  flat  surface  to  a  complex  curvature.  On  the  one 
model  tested,  RE- 12,  data  show  the  fragments  to  move  as  a  solid  group 
rather  than  in  the  desired  graduated  manner.  Whether  this  is  a  result  to 
be  expected  from  the  encapsulating  technique  cannot  be  determined  on  the 
basis  of  only  one  test. 

4.  INERT  FILLER 

Upon  completion  of  fragment  packaging  by  the  various  techniques  pre¬ 
viously  described,  the  resulting  package  was  filled  with  an  inert  bonding 
material.  Aside  from  securing  fragments  firmly  in  place,  it  is  believed 
that  this  filler  improves  energy  coupling  to  the  fragments  to  prevent  frag¬ 
ment  fracture  at  the  time  of  detonation. 


Figure  29.  Partial  Fabrication  Test  Model  RE- 12 
(Fragments  Encapsulated  in  Silicon  Rubber) 
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Figure  30.  Time-Temperature  History  of  Inert  Filler  Curing  Process 
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Two  types  of  inert  fillers  were  used; 

Epcn.  820  with  Versamid  140  catalyst, 

^  Laminae  No.  4116  with  Lubersol  DDM  catalyst. 

Since  these  materials  generate  heat  during  their  curing  process,  time 
temperature  histograms  of  various  sample  mixtures  (Figure  30)  were 
made  to  ensure  safety  of  the  overall  fabrication  process.  In  all  combina¬ 
tions  of  the  Epon  type  filler,  no  significant  temperature  rises  were  re¬ 
corded,  and  samples  of  bare  sheet  explosive  potted  in  these  mixtures 
detonated  completely.  On  the  other  hand,  test  samples  of  bare  sheet  ex¬ 
plosive  potted  in  the  Laminae  mixtures  resulted  in  incomplete  detonations. 
However,  when  similar  explosive  samples  were  protected  by  gun  tape  and 
potted  in  the  Laminae  mixtures,  complete  detonation  was  obtained. 

To  further  exploit  the  use  of  an  Epon  type  filler,  one  large  14  fragment 
layered  test  model  was  fabricated  with  this  material  and  test  fired  in  the 
arena.  Examination  of  recovered  fragments  and  flash  radiographic  records 
showed  that  the  inert  filler  did  not  shatter  completely,  thereby  preventing 
a  uniform  distribution  of  fragments.  Hence,  use  of  Laminae  filler  and 
taped  explosive  was  continued  with  no  more  than  2  cc  of  catalyst  per  100  ml 
of  resin.  Further  investigations  toward  the  use  of  an  Epon  type  filler  is 
strongly  recommended  to  eliminate  any  potential  fabrication  hazard.  In 
addition,  it  is  believed  that  the  long  term  hydrocarbon  out-gasing  of  Epon 
materials  is  more  compatible  with  sheet  explosive  than  those  emitted  by 
Laminae  compounds.  Hence,  they  offer  the  advantage  of  a  long  shelf  life 
for  an  ultimate  production  weapon. 

5.  FOURTEEN  FRAGMENT  LAYERED  TEST  MODELS 

To  fabricate  large  multiple  fragment  layered  test  models,  a  simple  tool¬ 
ing  fixture  as  depicted  by  Figure  31  was  employed  for  either  concentric 
ring  or  spiral  design  configurations. 

Fabrication  of  spiral  designs  starts  with  the  placement  of  a  steel 
mounting  cone  (Figure  32)  and  steel  end,plates  in  this  fixture.  The  spindle 
was  wrapped  with  pressure  sensitive  tape  and  the  buildup  (rf  ilternate 
layers 'of  sheet  explosive  and  discrete  fragmeuts  initiated.  ’  By  simply 

revolving  the  tooling  fixture  and  adding  appropriate  ld)l||j%tdi|ial  strips 
of  pressure  sensitive  tape,  this  buildup  was  continued  ut^’  the  required 


/i|c\  ''  ■ 

'  '  Sheet  explosive  was  cut  in  longitudinal  strips  to  permit  fabrication  of 
spiral  hyperboloid  test  models. 
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numbers  of  fragment  layers  were  in  place.  The  resulting  fragment/ex-^ 
plosive  package  was  removed  from  the  fixture,  placed  in  a  wood  mold,^**^ 
one  end  plate  was  removed,  and  the  inert  filler  added.  After  a  two  hour 
curing  period,  the  warhead  was  removed  from  the  mold,  reassembled  in 
the  tooling  fixture,  and  an  external  line  wave  generator  secured  to  the 
sheet  explosive.  Case  finishing  included  an  external  wrapping  of  fiberglass 
(Type  ECllA-0.75  X  0.007  inch),  epoxy  filling,  sanding,  and  painting. 


Internal  surfaces  of  the  mold  were  coated  with  a  Teflon  spray  release 
agent. 

(The  reverse  side  of  this  page  Is  blsidc*) 
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SECTION  3  -  ANALYSIS 

A  unique  computer  code  has  been  developed  to  assist  in  deriving  an 
alternate  analytical  technique  for  predicting  velocity  performance  of  mul¬ 
tiple  fragment  layered  radial  projectors.  The  basic  code,  "Quasi -Wundy," 
was  prepared  by  the  Naval  Ordnance  Laboratory/White  Oak  and  incorporates 
the  main  features  of  the  Dynamic  Pressure  Differential  approach,  as  defined 
in  Reference  5.  This  program  is  unique  in  that  it  provides; 

1  A  pressure-time  history  of  the  gas  released  by  the  explosive; 

2  A  time  history  of  compression  and  tension  waves  in  the  fragments 
due  to  shock  propagation; 

3  A  history  of  energy  transfer  from  the  explosive  to  the  fragments; 

4  A  velocity-time  history  for  each  layer  of  fragments. 

For  direct  applicatiop  to  warhead  models  evolved  during  this  program, 
the  basic  Quasi-Wundy  code,  because  of  its  one  dimensional  nature,  did 
not  consider  the  effect  of  pressure  losses  resulting  from  venting  of  ex¬ 
plosive  gases  at  each  end  of  the  warhead.  Hence,  a  modification  to  account 
for  these  losses  was  derived  and  successfully  incorporated  into  the  overall 
program. 

Further  discussions  of  the  basic  computer  program,  end  venting  modi¬ 
fications,  and  extent  of  correlation  with  experimental  data  are  given  in  the 
following  paragraphs. 

A.  BASIC  "QUASI-WUNDY" 

The  original  computer  code  is  a  device  for  the  numerical  solution  of 
the  standard  hydrodynamic  equations  commonly  used  in  problems  involv¬ 
ing  fluid  flow.  The  four  basic  equations  comprising  this  set  are: 

(equation  of  motion)  ( 1) 

(conservation  of  energy)  (2) 
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gj-  =  p(j)  ^  (conaeirvation  of  mass)  (3) 

P  =  P(E,  V)  (material  equation  of  state)  (4) 

where:  j  =  Lagrangian  coordinate 

X  =  spatial  (Eulerian)  coordinate 
p  =  mass  density 
P  =  pressure 
u  =  particle  velocity 
V  =  specific  volume, 

E  =  specific  internal  energy 
t  =  time 


The  Lagrangian  coordinate,  j.  is  used  here  because  it  simplifies  the  equa¬ 
tions  for  computer  calculations  using  finite  difference  methods.  Each  "j" 
is  a  label  attached  to  a  particle  of  fluid;  the  label  travels  with  the  particle 
through  all  computations.  It  is  converted  to  the  more  significant  spatial 
coordinate,  x,  by  integrating  the  velocity  over  time: 

x  (j,  t)  =  f  u  (j,  t)  dt  (5) 

Jt  «  0 

The  computer  code,  as  its  name  implies,  is  a  quasi-one-dimenmonal 
solution  to  these  equations;  this  means  that  only  one  spatial  coordinate  is 
used,  but  by  choice  of  appropriate  geometrical  factors,  spherical  and 
cylindrical  symmetries  can  be  taken  into  account  as  well  as  slab  symmetry, 
liie  geometrical  modifications  are  shown  more  clearly  by  considering  the 
equation  for  the  mass  between  the  centers  of  two  particles  j  and  (j  +  1): 

X  (j  +  1,  t) 

jyjs  \  p  (x)  A  (x)  dx  (6) 

^  (j.  t) 

where  A  is  the  cross-sectional  area  of  the  flow  at  x.  For  true  one-dimen¬ 
sional  flow,  A  =  1;  for  cylindrical  symmetry,  A  ■  2xx;  for  spherical 
symtiaetry,  A  ■  4tx2. 
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To  take  into  account  the  presence  of  shocks  in  the  detonation  process, 
the  Von  Neumann- Richtmeyer  "q"  method  is  used.  This  method  adds  an 
artificial  viscosity  term,  q,  to  the  pressure  in  equations  (1)  and  (2). 

This  term  is: 


(7) 


The  effect  of  the  artificial  viscosity  term  is  to  spread  a  shock  front  over 
more  than  one  computational  zone;  this  makes  the  slope  of  the  pressure 
across  the  zone  low  enough  to  be  manageable  for  finite  difference  computa¬ 
tions  performed  by  the  program,  thus  avoiding  an  oscillatory  solution. 

Cq  is  a  constant  which  adjusts  the  width  of  the  shock  front. 


An  equation  of  state,  usually  experimentally  determined,  expresses  the 
behavior  of  a  given  material  under  varying  values  of  the  flow  parameters; 
from  it,  compressions,  tensions,  magnitude  of  shock,  etc.,  within  the 
materials  are  determined  at  each  computational  step.  The  equation  of 
state  used  for  gases,  including  detonation  products,  is  the  "gamma  gas  law" 


E  = 


PV 

(y  -  1) 


(8) 


-y  is  a  constant  characteristic  of  the  material;  for  explosive  gases,  it 
is  determined  by 


where  D  =  detonation  velocity  of  the  explosive 

Eq  =  chemical  energy  of  detonation  per  unit  mass  of  explosive 
The  equations  of  state  used  for  solid  materials  are  usually  more  complex, 
having  different  forms  in  different  pressure  ranges.  They  normally  come 
from  curve-fitting  to  purely  experimental  data. 

B.  LIMITATIONS  OF  "QUASI- WUNDY"  AND  VENTING  MODIFICATIONS 

Quasi-one-dimensional  solutions  to  explosion  hydrodynamics  problems 
are  clearly  subject  to  inaccuracies  in  predicting  the  performance  of  actual 
rounds,  due  mainly  to  the  escape  of  detonation  products  in  directions  other 
than  along  the  single  coordinate  considered.  In  the  case  of  cylindrical 
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radial  fragment  projectors,  energy  can  escape  axially  through  the  ends  of 
the  round,  depending  upon  the  amount  of  end  confinement  present.  This 
escape  of  gases  causes  a  drop  in  gas  pressure  within  the  round  below  that 
computed  by  "Quasi- Wundy,"  and  thus  results  in  lower  fragment  velocities 
than  those  predicted. 

To  allow  for  venting  of  energy  in  the  computations  without  resorting  to 
prohibitively  expensive  two-dimensional  computations-,  Martin  Orlando 
has  modified  the  basic  Wundy  program  to  artificially  incorporate  the  re¬ 
sulting  pressure  drops.  An  outline  of  the  method  follows: 

Consider  a  cylindrical  charge  propelling  a  layer  of  fragments  radially, 
as  shown  in  Figure  33.  Wundy  in  its  unmodified  form  gives  a  good  approx¬ 
imation  of  the  pressure-time  history  of  gaseous  detonation  products  acting 
on  the  fragments  only  near  the  round's  center.  Near  the  ends  of  the  round, 
the  pressure  drops  rapidly  due  to  loss  of  gases  from  the  ends.  Thus,  the. 
fragments  near  the  ends  reach  lower  velocities  than  those  near  the  center. 
To  predict  their  velocities,  an  accurate  pressure-time  history  is  needed. 
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To  obtain  this  p-t  curve,  Wundy  is  used  in  the  slab-symmetry  mode  to 
predict  the  rate  of  expansion  of  detonation  products  from  each  end  of  the 
cylinder  of  explosive,  as  shown  in  Figure  34.  Figure  35  shows  the  type  of 
curves  obtained.  Notice  the  much  more  rapid  pressure  drop  at  the  ends 
than  at  the  center.  This  data  is  fed  into  a  "vent"  subroutine  in  the  modi¬ 
fied  program.  When  the  modified  program  is  then  used  to  calculate  the 
round's  radial  expansion,  the  pressure  calculated  at  each  computational 
cycle  is  reduced  by  a  factor  from  the  vent  subroutine  appropriate  to  the 
time  and  the  distance  from  round  center.  Thus  a  pressure-time  history 
closely  approximating  the  actual  one  acting  on  the  fragment  is  used  to 
predict  the  fragment's  velocity. 


X  =  0  X  =  3  cm 


Figure  34.  Linear  Expansion- of  Detonation  Products 
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Figure  35.  Pressure- Time  History  of  Detonation 
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Figure  36.  Experimental  versus  Predicted  Fragment  Velocities 
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C.  CORRELATION  WITH  EXPERIMENTAL  DATA 

Agreement  of  computer  calculated  velocities  with  those  observed  ex¬ 
perimentally  was  encouraging,  although  limited.  Closest  correlations, 
on  the  whole,  were  observed  in  the  "middle"  fragment  layers,  e.g.,  the 
second  through  fifth  layers  of  a  six-layer  test  model.  The  curves  of 
Figure  36  illustrate  this  tendency.  Notice  that  in  Figure  36  (a)  predicted 
velocities  of  the  inner  layer  and  the  outer  two  layers  are  considerably 
higher  than  those  observed.  This  computer  run  was  made  using  the  un¬ 
modified  program;  therefore,  gases  in  the  center  burster  and  inner  ex¬ 
plosive  layers,  instead  of  escaping,  continue  to  accelerate  the  inner  frag¬ 
ment  layer  to  unrealistically  high  velocity.  This  tendency  can  be  seen  to 
be  corrected  in  36  (b),  (c)  and  (d),  where  the  "vent"  subroutine  was  in¬ 
corporated. 

The  high  velocities  predicted  for  the  outer  one  or  two  layers,  seen  in 
all  plots  of  Figure  36  is  believed  to  be  due  to  the  one -dimensional  charac¬ 
ter  of  "Wundy"  which  renders  it  unable  to  take  the  discrete  nature  of  frag¬ 
ments  into  account.  It  treats  each  fragment  layer  as  an  expanding  cylin¬ 
drical  shell  with  an  integral  surface.  In  an  actual  test  model,  considerable 
gas  escapes  through  the  interstices  between  fragments,  reducing  the  energy 
transfer.  This  effect  is  believed  to  be  of  considerable  importance  only  for 
the  outer  one  or  two  layers,  where  the  large  pressure  drop  to  the  atmos¬ 
phere  leads  to  rapid  gas  loss  between  the  fragments.  This  hypothesis  is 
supported  by  the  experimental  data  obtained  from  test  model  RE- 18,  as 
shown  in  Figure  36  (d).  This  round  consisted  of  alternating  explosive  layers 
and  double  fragment  layers,  with  a  final  exterior  explosive  sheet.  One 
would  expect  considerably  less  pressure  exchange  between  layers  due  to 
the  increased  impedance  to  gas  flow  of  two  intersticed  fragment  layers, 
as  well  as  the  increased  external  pressure  due  to  detonation  of  the  outer 
explosive  sheet.  Figure  36  (d)  immediately  confirms  this  expectation; 
velocity  correlation  is  better  than  on  any  previous  round  considered. 

The  program,  as  now  operating,  is  unable  to  differentiate  between  two 
adjacent  fragment  layers  within  a  round;  for  this  reason  each  double  frag¬ 
ment  layer  is  represented  in  the  computer  input  data  as  a  single  steel 
layer  of  thickness  equal  to  that  of  two  intersticed  layers  of  balls.  Thus  the 
computer  predicted  velocity  of  each  group  in  Figure  36  (d)  represents  the 
average  velocity  of  fragments  from  a  double  fragment  layer. 

A  modification  to  the  program  which  will  incorporate  the  effects  of 
interlayer  pressure  exchange  has  been  conceived  and  can  be  incorporated 
into  the  program  for  future  use. 
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SECTION  4  -  CONCLUSIONS 

The  following  major  conclusions  are  based  on  the  data  resulting  from 
this  study: 

1  Fourteen  layers  tjf  fragments  can  be  explosively  projected  into  uni¬ 
form  radial  distribution  patterns  by  three  variations  of  the  explosive 
layered  design  technique  -  spiral  cylinders,  concentric  ring  hyper¬ 
boloids,  and  spiral  hyperboloids. 

2  Fragment  beam  spray  angles  for  large  multi-layered  warhead  models 
can  be  controlled  to  the  order  of  30  degrees  or  less  by  massive  end 
confinement,  fragmenting  end  plates,  hyperboloid  shaping,  explosive 
end  plates,  and  combinations  of  these. 

3  Fragment  radial  velocities  can  be  controlled  to  achieve  distributions 

*”  ranging  from  less  than  100  to  1000  feet  per  second  with  90  percent 

of  the  fragments  at  velocities  below  750  feet  per  second. 

4  A  fourteen  layered  spiral  hyperboloid  warhead  weighing  1 10  pounds 
and  containing  30,000  fragments  and.  3  pounds  of  explosive  for  a 
charge  to  mass  ratio  of  only  0.036  can  provide  the  required  perfor¬ 
mance  under  dynamic  rocket  sled  test  conditions. 

5  Long  sheets  of  thin  gaged  sheet  explosive  in  spiral  configurations  can 
be  readily  initiated  by  the  use  of  a  line  wave  generator.  However, 
care  must  be  exercised  during  the  warhead  fabrication  process  to 
insure  integrity' of  explosive  splices. 

6  Nickel  fragments  can  be  projected  equally  as  well  as  steel  fragments 
by  the  Spiral  Hyperboloid  warhead  design. 

7  It  appears  impractical  to  use  hollow  brass  spheres  in  explosive 

~  layered  warhead  designs. 

^  Cubical  fragments  instead  of  spherical  fragments  tend  to  provide  an 
improved  distribution  pattern  and  higher  velocities  for  equivalent 
charge  to  mass  ratios. 
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Increasing  length  to  diameter  ratio  from  one  to  two  does  not  degrade 
performance  capability  of  the  Explosive  Layered  Warhead  design 
technique. 
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SECTION  5  -  RECOMMENDATIONS 

It  is  recommended  that  research  be  continued  toward  evolving  a  feasible 
hardware  model  of  a  multilayered  fragmentation  warhead  representative 
of  end  item  configuration.  Specific  areas  in  which  further  research  is 
recommended  are: 

^  Design  study  and  analysis  to  establish  specific  warhead  design(s) 
compatible  with  anticipated  system  usage  including  considerations 
of  size  and  weight,  beam  spray  angle,  expansion  rate,  distribution 
density,  total  weight  and  space  allocations,  dynamic  loadings,  and 
environmental  conditions; 

2  Fabrication  and  static  arena  testing  of  selected  warhead  design(s) 
to  confirm  capability  to  meet  performance  requirements  including 
effects  of  structural  elements  and  potential  mounting  fixtures; 

3^  Structural  testing  to  evolve  configuration(s)  capable  of  withstanding 
anticipated  dynamic  and  environmental  conditions  including  static 
bending  test,  as  well  as  centrifuge  and  vibration  test  under  ambient 
and  low  temperatures. 

4  Fabrication  and  ctrena  testing  of  end-item  warhead  configurations 
after  subjecting  them  to  vibration,  centrifuge,  and  low  temperature 
environments. 

^  Demonstrate  functional  feasibility  under  dynamic  rocket  sled  test 
conditions. 

£  The  performance  capability  of  the  spiral  hyperboloid  can  be  further 
improved  and  more  efficient  utilization  of  weight  achieved  by  incor¬ 
porating  fragmenting  end  plates  and  optimizing  the  design  of  struc¬ 
tural  members. 

7_  Modification  of  the  "Quasi-Wundy"  computer  code  to  consider  gas 
pressure  venting  can  accurately  predict  the  velocity  performance  of 
large  multi-layered  warhead  designs.  In  the  future,  this  modified 
program  can  be  used  to  reduce  thd  number  of  experimental  test 
hrings. 
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APPENDIX  1 

This  appendix  presents  detailed  data  on  all  warhead  models  that  have 
been  test  fired.  It  presents  data  pertinent  to  specific  design  concepts, 
delineates  test  objectives,  and  where  possible  shows  the  results  of  parti¬ 
cular  design  variable  changes.  Round  numbers  90  through  109  were 
accomplished  as  a  terminal  series  of  firings  following  the  publication  of 
summary  report  ATL-64-9  under  contract  AF  08(635)3269.  Rounds 
RE-1  through  RE-23  include  the  large  14  fragment  layered  test  models 
and  were  accomplished  under  contract  AF  08(635)4283. 
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Explosive  Wt,  (Grams),  53  of  overall  initial  velo-  initiation. 

End  Plate  Wt.  (Grams),  1066  cities. 

Inert  Filler  Wt.  (Grams),  201 
Total  Wt.  (Pounds),  6.5 
C/M.  0.029  Figure  No.  39 
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Figure  37.  Test  Model  Design,  Round  90 
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Figure  39.  Test  Model  Design,  Round  93 
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Figure  42.  Velocity  versus  Radial  Distribution,  Round  95 
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Figure  43.  Test  Model  Design,  Round  9( 
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Figure  46.  Test  Model  Design.  Rounds  160  and  101 
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Figure  47.  Impact  Pattern,  Round  101 
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Figure  48.  Test  Model  Design, 
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Figure  49.  Flash  Radiography  of  Test,  Round  102 
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Figure  50,  Impact  Pattern,  Round  103 
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Figure  51.  Velocity  versus  Radial  Distribution,  Round  103 
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Figure  53.  Test  Model  Design,  Rounds  105  and  106 
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Figure  54.  Impact  Pattern,  Round  105 
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Figure  55.  Velocity  versus 


Radial  Distribution,  Round  106 
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Figure  58.  Impact  Pattern,  Round  108 
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Figure  62.  Test  Model  Design.  Round  RE-1 
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Figure  63,  Impact  Pattern,  Round  RE- 
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Figure  64.  Test  Model  Design,  Round  RE-2 
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Figure  65.  Impact  Pattern,  Round  RE-2 
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Figure  66.  Test  Model  Design,  Round  RE-3 
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Figure  67.  Impact  Pattern,  Round  RE- 
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Figure  68.  Test  Model  Deslgii,  Round  RE-4 
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Figure  69,  Impact  Pattern,  Round  RE-4 
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Figure  71.  Impact  Pattern,  Round  RE- 5 
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Figure  75.  Impact  Pattern,  Round  RE-7 
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Figure  77.  Test  Model  Design,  Rounds  RE- 9  and  RE- 10 
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Figure  79..  Test  Model  Design,  Round  RE- 12 
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Figure  80.  Test  Model  Design,  Round  RE- 13 
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Figure  82.  Impact  Pattern,  Round  RE- 14 
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Figure  85.  Test  Model  Design,  Round  RE- 16 
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Figure  88,  Warhead  Test  Model  RE- 17 
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Figure  89.  Impact  Pattern.  Round  RE- 17 
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Note:  Apparent  banding  of  fragments  results  from  multiplicity 

of  hits  within  same  area  and  accuracy  with  which  recovery 
can  be  related  to  impact  velocity. 


Figure  90.  Velocity  versus  Radial  D 
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bo  unclaaalRod.  Bach  potograph  of  tho  abattac  t  ahall  «ad  with 
an  Indication  of  tha  mlUmiy  aaeurtty  claaallicetioo  jf  tim  in¬ 
formation  in  tho  poragiaph,  rapratentod  aa  fraj,  (S)i,  (C),  erf(/>. 

Thara  it  no  Umlutlw  m  tha  longth  of  title  abaf:  act.  How 
ever,  tha  auggaatad  iangth  la  from  ISO  to  22!;  worla. 

atorda  ar*  tachnically  tioanlr»gAil  tonna 
or  abort  ^maaa  that  ftaractylte  ,  „po,t  ardi  may  hr  uaad  at 
Indtx  antriaa  for  eattloging  the  leport.  Kay  werda  ahuat  be 
-eelasM  so  that  no  aacurlty  clea,iflcatio«  la  niquirwd.  Idonti- 
2S^t^*ne'2e  «  «>•  »»»•.  ■Ititaiy 

woria  tat  wffi>  aa  Indication  of  achtJoal  cS- 

toxtr  The  aaalgnmtat  of  Uokt,  ruloa,  and  wo  igita  ia  optional. 


iS«eurity  Clagg,ftarS^*”“ 


